I. INTRODUCTION
The development of three-dimensional (3-D) metamaterials enabled a new paradigm for the light-matter interaction at the structural level rather than the atomic/ molecular level, and hence, grants the possibility to obtain effective optical properties not achievable with natural materials. These include negative index of refraction materials [1] - [4] , metamagnetics [5] , [6] , perfect lenses [7] , invisibility cloaks [8] , [9] , hyperlenses [10] - [12] , ptical black holes [13] , [14] and hyperbolic metamaterials [15] - [17] . However, the realization of practical metamaterial-based devices is challenging due to the complicated and costly fabrication. Furthermore, while noble metals which are typically used in these devices exhibit high quality plasmonic resonances in the visible and infrared frequency domains, they have some limitations when it comes to compatibility with the CMOS industry and ability to tolerate high temperatures, which becomes inevitable with light confinement in the vicinity of metals.
Two complementary approaches of studying twodimensional (2-D) metasurfaces and alternative plasmonic materials have emerged in recent years to cope with these challenges. Optical metasurfaces [18] - [21] have dramatically reduced the fabrication complexity for metamaterials being more readily assembled and suitable for on-chip application. In addition, the reduced dimensionality of metasurfaces has enabled the potential for new physical effects which do not have volumetric counterparts, such as the relaxation of Snell's relation. Furthermore, planar structures offer a simpler approach for implementing tunable devices, as it becomes possible to reconfigure the whole structure and implement modulating schemes with planar layers. Metasurfaces can also offer a platform to implement multi-physical applications such as plasmonic optical trapping using combined optical, thermal and electrical bias to enable multi-functional operations.
On the other hand, the development of new plasmonic materials has overcome some limitations of noble metals. Most of these alternatives come from the metal oxides and nitrides families although many other materials have been suggested [22] . Transition metal nitrides [22] - [24] provide ceramic plasmonic materials, which can tolerate difficult operating environment and very high temperatures and can be fabricated using CMOS compatible processes. Additionally, heavily doped semiconductor oxides [22] , [25] - [27] have enabled devices with low permittivity values in the telecommunications wavelength range which is important for confinement of plasmonic waves as well as near zero permittivity. They also provide an extra degree of freedom of material control through modulation of the free carrier concentration through electrical or optical means [28] . This is very promising to be used to build active or reconfigurable metasurfaces.
However, most of optical metasurfaces are still implemented using noble metals because nanoantennas made of gold and silver provide a higher quality of plasmonic resonance at the visible and near infrared. Nevertheless, recent results have shown that zirconium nitride (ZrN) can attain optical properties similar to that of gold [29] and titanium nitride can be used to design optical metasurfaces in the visible regime [30] . Therefore, one can utilize them to realize nanostructured metasurfaces to pave the way to integrate all of the benefits of optical metasurfaces and alternative plasmonic materials.
In the following sections, we overview recent developments in metasurfaces-based applications including the linear and nonlinear planar devices. Then, we discuss metasurfaces used in nanobiosensing and plasmon enhanced optical trapping as prominent examples where multi-physical effects are integrated together in one device. Afterwards, recently developed alternative plasmonic materials are demonstrated with their most significant applications. Finally, the tunability of these materials and devices will be discussed along with possible schemes to obtain active, or tunable metsurfaces.
II. LINEAR METASURFACES
The emergence of photonic metasurfaces [18] - [21] has enabled a new paradigm of light control through the introduction of surface discontinuities. Metasurfaces consist of planar arrays of nano-structured antennas which induce spatially varying phase and/or polarization to propagating light. As a consequence, photons propagating through metasurfaces can be engineered to undergo a change to their momentum, angular momentum and/or spin state. This has led to a relaxation of Snell's law [18] , a pivotal relation in optical engineering and has enabled a whole new family of flat optical devices. We will discuss the most common metasurface based applications that are implemented through controlling local phase, and then we will demonstrate some techniques used to obtain functional operations on light polarization.
A. Phase-Gradient Metasurfaces
Phase-gradient metasurfaces consist of a planar array of antennas that induce a spatially varying phase shift across the surface. They engineer the wavefront of light to obtain an optical response at will. They have been successfully implemented to perform light bending [18] , [19] , [31] , flat lenses [32] - [34] and holographic imaging [35] - [39] as well as the generation of vortex beams which carry orbital angular momentum [18] , [40] .
Initial results on phase-gradient metasurfaces demonstrated poor power efficiencies (È10% or lower). Unlike the case of 3-D metamaterials, the major part of the unused power was not dissipated in ohmic losses, but suffered from poor coupling efficiency due to the single layer of antennas. Consequently, they only utilized a small portion of the input power in the phase controlled mode (called anomalous mode), while the majority of incident light propagated unaffected by the metasurface (called normal mode).
Different approaches have been utilized to overcome this problem and couple the majority of optical power to the anomalous mode. These techniques include utilizing Huygens' surfaces [31] , [41] , gap-plasmonic metasurfaces [42] - [47] , and dielectric metasurfaces [48] - [52] .
In Huygens' metasurfaces [31] , [41] , an array of nanostructures which exhibit both electric and magnetic dipoles are used so as to match the surface impedance with the incident wave impedance. This results in suppressing the reflection and guiding most of the transmitted power towards the anomalous mode. Gap-plasmonic metasurfaces [42] - [47] employ nano-antennas with a metal/dielectric/metal sandwich to excite gap-plasmonic waves. These are slow waves that induce a strong phaseshift along the small dimensions of the nano-antennas before they couple back to propagating waves. These metasurfaces operate only in reflection and some experimental results have obtained power efficiencies exceeding 80%. On the other hand, dielectric metasurfaces [48] - [52] can obtain near-unity transmission by avoiding lossy metals and utilizing high-index dielectric nanostructures that can excite both electric and magnetic dipoles, and can be tailored to obtain them at the same wavelength. Fig. 1 demonstrates a few examples of metasurfaces which demonstrate their ability to relax Snell's relation, along with some famous techniques used to optimize power efficiency.
In addition to optical phase control, many metasurfaces can also control the amplitude of transmitted light leading to successful implementation of other devices such as subwavelength structural color filtering and printing [54] - [57] , as well as optical absorbers [58] - [60] . It has also been shown by Liu et al. that metasurfaces that control optical phase and amplitude simultaneously are capable of controlling the diffraction orders arbitrarily [61] .
B. Polarization-Gradient Metasurfaces
In addition to phase-gradient light control, metasurfaces have also been used to control light polarization. By employing nanostructed antennas with broken symmetries, each antenna can locally tailor the light polarization state, and the collective superposition from the array of antennas can be adjusted to obtain an output polarization state at will. Successful implementations of these metasurfaces have been demonstrated to obtain various devices including quarter-wave plates [45] , [62] , half-wave plates [63] , [64] , as well as bianisotropic [65] - [67] and chiral metasurfaces [68] - [74] .
An important family of polarization-gradient metasurfaces are those which control the circular polarizations (optical spins). These metasurfaces utilizes Pancharatnam-Berry phase [75] which can provide continuous values of phase-shift ranging from 0 to 2 just by controlling the orientation angle of the nanoantennas, and, for this reason, it is also called geometric phase. Design of these metasurfaces is quite simple because they only consist of oriented replicas of a single antenna design and, hence, the functionality is robust against fabrication's tolerances in dimensions and/or material properties. In addition, the geometric phase has opposite signs for left-(LCP) and right-circular polarizations (RCP). This has been utilized to obtain the photonic spin Hall effect (PSHE)-the effect of spatially separating LCP and RCP photons. PSHE have been repeatedly utilized in different metasurfaces [20] , [21] , [76] - [79] , and some other devices have been developed based on this effect like dual-polarity lenses [34] . Other chiral effects have also been developed based on optical spindependent performance like optical rotation [74] which requires optical delays between helical components of light which can be utilized in polarimetry devices.
Polarization-gradient metasurfaces enabled implementation of vital polarimetric and spectroscopic measurement devices such as circular dichroism spectrometers [81] which measure the differential absorption between LCP and RCP used in bio-chemical sensing, and the measurement of Stokes' parameters [82] , [83] .
Another important class of metasurfaces is quasi-2-D hyperbolic metasurfaces (HMSs) [84] . HMSs offer important advantages over their 3-D counterparts because such HMSs are chip-compatible and typically they have relatively small losses. HMSs behaves effectively as metallic in one direction and dielectric in the other. HMSs allow propagation of surface plasmon polariton (SPP) waves along the metasurface with hyperbolic dispersion curve [85] . They could provide broadband enhancement of photonic density of states that can be used for broadband control of spontaneous emission from quantum emitters [84] . It was also demonstrated that HMSs exhibit the plasmonic spin Hall effect [86] , where lack of inversion symmetry enables spin-dependent dispersion relation of SPP waves. The effect was experimentally verified in the visible region where excited SPPs of different spins propagated in different directions [86] .
Overall, linear metasurfaces have proven to provide a simple and compact technology platform that is capable of providing next generation planar optical devices suitable for on-chip implementations.
III. NONLINEAR METASURFACES
Plasmonic metasurfaces provide a way for unprecedented manipulation and concentration of light, allowing for significant enhancement of electromagnetic fields in the near field [87] . This property has had a significant impact in the area of nonlinear optics. Nonlinear optical phenomena are extremely useful in many applications, such as wavelength conversion, generation of ultra-short pulses, optical signal processing, and ultrafast switching, but are inherently weak processes [88] . These nonlinear effects arise from the anharmonic electron motion in strong electromagnetic fields [89] .
Metasurfaces composed of plasmonic structures can enhance such nonlinear effects in several ways. First and foremost, nonlinear effects depend superlinearly on the electromagnetic fields. Hence, the efficiency of these nonlinear processes can be greatly enhanced by employing plasmonic excitations, which can provide significant electromagnetic field enhancement in the near field [90] . Secondly, nonlinear effects, especially second-order effects, are highly dependent on the material symmetry [89] . Though all materials possess third-order nonlinearities, second-order effects are observed only in noncentrosymmetric media within the electric-dipole approximation [91] . However, symmetry is broken at interfaces, and, as a result, the nonlinear response from the metal surface is dependent on the surface morphology and can be enhanced by structuring the metal film with specific geometries [92] . Lastly, plasmonic excitations are highly dependent on the dielectric permittivity of the metal and surrounding dielectrics. A slight change in the permittivity of either material by third-order nonlinear effects can greatly modify the resonant behavior, making such metasurfaces highly tunable. This property of dynamic tuning of metasurfaces will be discussed in detail in Section VI. As an added advantage, plasmonic excitations respond within the time periods on the order of femtoseconds, allowing for ultra-fast processing and generation of optical signals [88] . Here, we present various metasurfaces that have been studied to enhance secondorder and third-order nonlinear processes.
A. Second-Order Effects
Second-harmonic generation (SHG) is a second-order nonlinear process in which two photons at ! are annihilated and a photon at 2! is generated, all in one single act [89] . As mentioned earlier, SHG can generally be observed in noncentrosymmetric materials with non-zero second-order nonlinear susceptibility ð2Þ . Though most metals are centrosymmetric (e.g., amorphous) in nature and do not possess an inherent ð2Þ nonlinearity, symmetry is broken at the surface thereby allowing for generation of second-harmonic signals.
Various different geometries (shown in Fig. 3 ) have been studied for enhancing SHG, such as nanodimers [93] , nano-antennas [94] , split-ring resonators [95] - [99] , nanohole patterns [100] , chiral structures [93] , [101] , [102] , metamagnetic gratings [103] , fishnet metamaterials [104] , and other unique structures [105] - [107] .
One of the first experimental verifications of SHG using metasurfaces was by Klein et al. [95] , where they showed significant enhancement of SHG at 1.5 m by exciting the magnetic resonance of a gold split ring resonator [shown in Fig. 3(a) ]. They followed their work up with a study of complementary split ring resonators, showing that their electric resonance provided strong enhancement as well [96] . Subsequent works by other groups have shown enhancement due to magnetic resonances in various different geometries [97] , [103] , [106] , comparing its enhancement with that of the electric resonance [103] . Several works enhance the conversion efficiency by aligning several resonances (electric or magnetic) at the fundamental and its harmonics, such as the structure shown in Fig. 3 (f) [103] , [105] , [107] .
In the unique case where a magnetic resonance overlaps with an electric resonance, one can achieve a negative-index material [108] , which has been experimentally demonstrated using fishnet structures, among others [shown in Fig. 3(c) ]. Kim et al. studied the nonlinear optical response from a fishnet structure with a negative refractive index at 1.55 m, finding the resonant enhancement to be much stronger in the nonlinear optical response than that in the linear case [104] .
Other studies have focused on generating sharper resonances in the linear spectrum, providing stronger field enhancement to increase conversion efficiencies. Thyagarajan et al. [109] study silver heptamer structures [ Fig. 3 (g)] with a sharp Fano resonance at the fundamental and a higher order scattering peak at the second harmonic generation in order to efficiently scatter the second harmonic signal to the far field.
Since SHG is heavily dependent on the symmetry at the interfaces, several works have engineered structures that further break the symmetry and thereby enhance SHG efficiency. Husu et al. , showing that with azimuthal rotation for linearly polarized light, the resulting SHG pattern exhibits a different sense of rotation and different intensity depending on the handedness of the structure. Husu et al. [102] study the effect of mutual ordering of noncentrosymmetric L-shaped nanoantennas on the SHG output [ Fig. 3(b) ]. They find that by changing the order of structures in the unit cell they can achieve up to a 50Â enhancement of the nonlinear response.
Despite the amount of research that has already been conducted in enhancing nonlinear processes using metasurfaces, very little is known on the relation between the linear and nonlinear properties of these metasurfaces. O'Brien et al. study SHG in SRRs in order to experimentally verify Miller's Rule, which predicts nonlinear susceptibilities from the linear properties of the material. The rule has been verified for third-order nonlinearities, but not for second-order nonlinear processes. In the paper, they show that Miller's rule fails for predicting the structure with highest ð2Þ , while general nonlinear scattering theory describes second-and higher-order nonlinear optical responses of plasmonic metasurfaces.
In an effort to extend these fundamental works to realizable devices, Segal et al. [98] construct the first nonlinear photonic crystals based on split ring resonators. By doing so, they achieved unprecedented control over the nonlinear interaction to regulate the emission angle of the second harmonic signal. Furthermore they design a Fresnel Zone Plate to achieve a two order of magnitude increase in the second harmonic intensity without the need for a lens. Some works have also designed metasurfaces employing difference frequency generation (DFG), which is also a second order effect. In DFG, a beam of frequency ! 3 is generated by two pump beams of frequencies ! 1 and ! 2 , according to the rule ! 3 ¼ ! 2 À ! 1 [89] . For example, Lesina et al. have designed a plasmonic metasurface using GaAs, which employs DFG in order to generate Terahertz radiation [110] . By uniquely structuring the metasurface, they are able to achieve an enhancement of two orders over bulk GaAs films near the surface.
B. Third-Order Effects
Several optical processes arise from third-order nonlinear effects, such as third harmonic generation (THG), optical parametric amplification (OPA), and four-wave mixing (4 WM). Since all materials inherently exhibit third-order effects, which do not require broken symmetry, the goal to enhance these processes using plasmonics has been purely to increase the confinement of light and to enhance the electromagnetic fields. Several of the structures presented in the previous section have also been used to enhance THG, such as nanoantennas [111] , SRRs [97] and fishnet structures [104] .
Hentschel et al. [111] study the enhancement of THG from bowtie antennas. They verify that the nonlinear oscillator model, or Miller's Rule, accurately predicts the nonlinear spectrum from the linear properties of the metasurface.
While the majority of work discussed earlier employ the inherent nonlinearities in the metal, Metzger et al. [112] place an indium-tin oxide nanocrystal in the hot spot of a plasmonic nanodimer in order to double the crystal's THG efficiency. Aouani et al. [113] report a very similar experiment, using a plasmonic nanodimer to enhance THG from an indium-tin oxide nanoparticle placed within the nanodimer gap. The plasmonic dimer acts as an optical antenna, confining the electromagnetic energy within its gap. Coupling the particle with the antenna provides up to 10 6 enhancement of THG as compared with the particle alone.
Several works have also been focused on observing enhanced nonlinear signals from purely dielectric metasurfaces. For example, Shcherbakov et al. observe enhanced THG in nano-patterned silicon nanodisks which exhibit a unique magnetic resonance [114] . In fact, they observe two orders of magnitude enhancement of THG as compared to bare silicon substrates. The same group further studied unique silicon oligomers to observe tailorable THG based on the spacing between the nanodisks in the unit cell [115] .
Four-wave mixing (4 WM) is a third-order nonlinear process which occurs when two different frequency components ! 1 and ! 2 propagate inside a nonlinear medium [89] . Due to the nonlinear interaction, two additional frequency components are generated
[116] use a plasmonic nanograting to enhance the interaction between incident 820 and 1064 nm light which excite the cavity resonance and grating surface waves respectively. By doing so, they report an enhancement of up to a factor of 2000 over unstructured gold thin films. Furthermore, the nanograting structure enhances both in-coupling and out-coupling of light.
All-optical on-chip signal generation and processing will likely be required in the future to overcome speed limitations of electronics. To meet this demand, miniature nonlinear optical devices are expected to play a key role. Many methods have been proposed to reduce the dimensionality while increasing the efficiency of such nonlinear optical devices, with plasmonic metasurfaces being a foremost contender.
IV. METASURFACES FOR ON-CHIP MULTI-PHYSICAL APPLICATIONS
One area that holds promise for future development is multiphysical applications of metasurfaces. The ability to concentrate electromagnetic energy to subwavelength volumes as enabled by plasmonics has led to the development of interesting concepts including ultrasensitive spectroscopy, optical data storage, enhancement of spontaneous emission and nonlinear optical processes to mention but a few [117] - [120] . This feature also makes plasmonic devices feasible for synergistic integration with other physical phenomenon towards the realization of on-chip multi-physical applications. In this part we highlight applications in biosensing and optofluidics. One of the most successful applications of plasmonics is in nanobiosensing for high sensitivity analyte detection [121] . Conventional plasmonic nanosensors usually suffer from the issue of slow analyte transport to sensing site [122] , [123] . To address this issue, Angelis et al. [124] Vol. 104, No. 12, December 2016 | Proceedings of the IEEE 2275 demonstrated a plasmonic metasurface that can not only support huge local electromagnetic fields but also exhibit super-hydrophobicity. As a result, the metasurface functions as a SERS hotspot as well as enables enrichment of molecules at the plasmonic hotspots from a droplet placed at the surface of the plasmonic nanostructures, due to their super-hydrophobicity. Enrichment of analytes for subsequent detection can also be accomplished by using Oleophobic Surfaces [125] . Integrating a grating metasurface on top of a hyperbolic metamaterial (HMM) can also be used to again access to the high K modes in the HMM. This platform was recently shown to enable extremely high sensitivity biosensor with capability to detect low molecular weight biomolecules [126] . Devising a means to concentrate biomolecules in the HMM-based sensor could further improve the detection limit and further shorten the detection time. Metasurfaces have also found applications for plasmon-enhanced optical trapping whereby the plasmonic hotspots are used to generate tight trapping potential wells for stable trapping of nanoparticles [127] - [133] . Several nanoantenna geometries have been studied. For example, Wang et al. [133] , [134] proposed the use of a gold nanopillar antenna and demonstrated passive and active rotation of nanoparticles that have diffused and become trapped in the hotspots aligned with the polarization of the illuminating laser beam. Nano-apertures in a metallic film have also been used to design aperture tweezers, and this approach not only enables stable trapping of nanoscale objects, but also enables monitoring of the trapped specimen by simply observing the transmitted light through the aperture when an object is successfully trapped [131] , [135] , [136] . Recently, a plasmonic metasurface that can perform the dual function of trapping nanoparticles as well as inducing mechanical motion of the particle along some specified path on a substrate was recently proposed [137] and experimentally demonstrated [138] . The system employs an arrangement of closely spaced plasmonic resonant C-shaped engravings in gold film (Fig. 4) arranged such that rotating the polarization of the global laser illumination will preferentially excite one of the resonant antennas with respect to the others, thus creating a trapping potential well at a given nanoantenna. In this manner, particles could be made to hop from one antenna to the next in a peristaltic manner. These proposed schemes still require the trap to be initially loaded by Brownian diffusion of the suspended particles before they are moved along the metasurface.
The intrinsic photothermal heating of plasmonic metasurfaces also provides the opportunity to fuse plasmonics with microfluidics and this is an area that has garnered significant interest due to the great versatility and enhanced device functionalities this synergy provides [139] , [140] . It offers an elegant avenue for performing multiple functionalities on-chip such as capture, delivery, sorting, and sensitive spectroscopy.
An important design issue in plasmonic nanotweezers relates to how to load the plasmonic trap without relying on Brownian diffusion. This arises from the fact that the optical gradient force in the vicinity of the plasmonic nanoantennas, being a short range interaction, extends only a few tens of nanometers from the nanoantenna. As a result, the object to the trapped must first diffuse close enough to the plasmonic nanoantenna before it can be successfully trapped. Addressing this issue is key to expanding the range of applicability of plasmon-enhanced optical traps and enabling new functionalities such as dynamic assembly, and sorting of particles. Recent work by Ndukaife et al. [141] has harnessed the intrinsic heating effect in plasmonic metasurfaces to advantage and proposed a multi-physics solution to this challenge by demonstrating a novel nanotweezer that can capture particles several tens of microns away from the nanoantenna and rapidly deliver them in a highly directional and controlled manner to the illuminated nanoantenna. The technique known as Hybrid Electrothermoplasmonic Nanotweezer (HENT) [141] employs laser illumination of a plasmonic nanoantenna in conjunction with an applied a.c. electric field. The photo-induced heating of the illuminated nanoantenna locally changes the temperaturedependent electrical properties of the fluid and in the presence of the applied a.c. electric field induces a strong fluid flow to enable rapid delivery of target particles to plasmonic hotspots where they can be trapped in a few seconds. Furthermore, they have also shown that trapped nanoparticles can be printed in the vicinity of the nanoantenna thus introducing a novel scheme for on-chip nanomanufacturing.
In another work, Ndukaife et al. [142] harnessed the collective photo-induced heating of an array of plasmonic nanodots in conjunction with an applied ac field (Fig. 5) . For this case, the induced rapid microscale fluidic Images inset show snapshots of the sphere after each conveyor period. Schematic inset shows double-rail design (adapted with permission from [138] ).
motion captures suspended particles and concentrates them on the surface of the illuminated plasmonic nanodot array with high throughput. Furthermore, the fluid flow mechanism provides much faster transport velocity compared with thermoplasmonic convection that is driven by buoyancy force density associated with heatinduced changes in the density of a fluid medium [143] - [146] . Due to the ability to rapidly concentrate the particles on the surface of the plasmonic metasurface, this scheme could enable a new class of plasmonic biosensors that do not rely on Brownian diffusion to deliver analytes to functionalized sensing sites.
Recently, Roxworthy et al. [147] demonstrated a plasmonic metasurface comprising of pillar bowtie nanoantennas (p-BNAs), and harnessed the photothermal response of p-BNAs for recording optical images and microparticle manipulation. The p-BNAs gets heated up upon illumination resulting in changes in the morphology, which in turn changes their scattering spectrum. As a result the exposed portion of the p-BNA will acquire a different color, thus making it possible to display any desired image. Furthermore they also showed preferential collection of microparticles in the unexposed region of the p-BNA array.
These findings show that the loss present in plasmonic systems are not always detrimental, but could be harnessed to significantly improve device performance [148] .
The progress made so far shows that by triggering multiple physical phenomenon beyond optical effects, multiphysical metasurfaces will lead to further exciting applications.
V. ALTERNATIVE PLASMONIC MATERIALS
Noble metals have traditionally been the material of choice for plasmonic devices due to their high conductivity and relatively low ohmic losses. However, with the demand to extend the spectral range of various applications, those materials possess several intrinsic drawbacks [25] , [149] - [151] . Major concerns are associated with large energy losses, arising from interband electronic transitions and from electron scattering. Additionally, the high carrier concentration and lack of tunable properties prohibits the realization of newly emerging concepts such as such as epsilon near zero (ENZ) devices [152] . An exciting phenomenon governing light-matter interactions is derived from materials with very low values or near zero permittivity. In general, the ENZ property of bulk materials is observed near frequencies where the real part of the permittivity has a cross-over from the positive to the negative, such as near the plasma frequency of plasmonic materials. ENZ materials exhibit an exceptionally high impedance ðZ ¼ ffiffiffiffiffiffiffi ffi =" p Þ mismatch with the surrounding environment, leading to a severely limited penetration and a large specular reflection of incident fields [153] . In addition, the wavelength within an ENZ material will become exceptionally large, resulting in small phase variations in the electromagnetic fields over the course of many free-space wavelengths [154] - [158] . Near the ENZ condition, the refractive index becomes vanishingly small when the imaginary part of permittivity is very small. Therefore, even though noble metals have a cross-over permittivity in the visible range, their high optical losses prevent them to be used as ENZ materials. Finally, these materials are not compatible with standard semiconductor processing techniques, preventing the incorporation of these materials into practical nanophotonic devices. In this point of view, researchers have been motivated to search for better alternatives in the visible and longer wavelengths.
For the good alternatives to noble metals, the negative real permittivity should be high enough to support surface plasmons (SPs) at the desired spectral domain. Given the fact that so far it has not been possible to realize bulk zero-loss metals, losses in plasmonic materials to a tolerable extent are necessary. In addition to low losses, the ability to alter the optical properties can enable potential applications for dynamic or active devices. Addressing the wide range of requirements, many new types of alternative materials have been proposed. All alternatives hold promise for applications in the optical range from ultraviolet to mid infrared regions, but some materials do not reach the level of experimental realization of metasurface. In the following sections, we will review the significance of a particular alternative material (transparent conducting oxide, transition metal nitride and so on) and its practical concepts or designs of metasurface which have been experimentally demonstrated.
A. Transparent Conducting Oxides
One of the most feasible alternatives to noble metals in the near-and mid-infrared range is a heavily doped semiconductor oxides, known as a transparent conducting oxides (TCOs) [159] , [160] . Due to its high dc conductivity, transparency in visible and thermal stability, indium tin oxide (ITO) is a popular electrode material in optoelectronic applications, such as solar cells and liquid crystal displays. In addition to ITO, zinc oxide (ZnO) and cadmium oxide (CdO) can be highly doped to make conducting films. The Drude metal-like properties of the dopant electrons in TCOs result in collective oscillations similar to those found in noble metals but at longer wavelengths. Therefore, heavily doped metal oxides can behave like metals in the near infrared with low intrinsic optical losses due to the wide band-gap and small Drude damping ðÞ. The recent emergence of TCOs as plasmonic materials has led fundamental studies on the optical properties of TCO thin films and it is recognized that the advantages of TCOs over noble metals include compatibility with conventional fabrication techniques, tunable optical properties, and chemical and mechanical stabilities [22] , [25] - [27] .
The resonance properties of TCOs have been demonstrated by chemically synthesized nanoshperes [161] - [163] and nanowires [164] , [165] . These works have shown that TCO nanostructures can excite the localized surface plasmon resonance (LSPR) in near-and mid-infrared range and such a resonance can be adjustable by controlling the doping ratio or deposition conditions at the fabrication stage or through a post annealing process. These materials may also be functionalized with many different biomolecules, similar to the case with gold nanoparticles, which are commonly used in plasmonic enhanced bio-sensing. As well as chemical routes for synthesizing nanostructures, TCO films can be patterned on the nanoscale using standard fabrication techniques [166] , [167] . In particular, nanostructures in TCOs may be created using electron-beam lithography followed by reactive-ion etching (RIE), wet chemical etching, or liftoff. A lithographically patterned nanodisk resonator metasurface with gallium or aluminum-doped zinc oxide (GZO or AZO) was reported to demonstrate the LSPR properties of TCOs in the near infrared range including the telecommunication wavelength [166] . Thermal annealing in different gases altered the resonance by changing the carrier concentration in the TCO nanostructures without changes in morphology such as surface roughness and grain structure. Similar work was reported with ITO nanorod arrays suitable for applications in surface enhanced infrared spectroscopy [167] . This report has also demonstrated that the weak interaction of ITO nanorods provides an increased simplicity of design compared to Au, resulting high integration density of plasmonic hotspots per unit of area.
In addition to studies of the fundamental plasmonic properties of TCOs, the compatibility of TCOs as successful alternatives to noble metals in the design of novel plasmonics devices has been demonstrated. For example, the gap surface plasmon (GSP) modes in metal-insulatormetal (MIM) multilayered resonators with GZO as the metallic component and ZnO as the dielectric component has been reported. In this structure, the ability of both GSP and LSP to detect the very weak molecular absorption is studied [168] . In addition, Gregory et al. experimentally demonstrated a split ring resonator (SRR) metasurface made from ITO with a pronounced resonant optical response in the mid-infrared [169] . Kim et al. successfully applied TCOs in practical designs of metasurfaces which convert linear polarization into circular polarization. This metasurface can manipulate the phase of the reflected light at the telecommunication wavelength to control the polarization state of incoming light. Since another concept of metasurfaces to control the phase of the transmitted light, Francesco et al. [170] have theoretically demonstrated that the meta-transmit-array with AZO can provide full control of the transmitted beam with maximized efficiency in mid-infrared range.
TCOs have a zero crossing in their real permittivity in the NIR and have small losses in the same range, and thus they can be good ENZ materials. Such properties of TCOs enable completely new types of applications such as metatronic nanocircuits [171] . ITO has been introduced to realize NIR metatronic circuits as building blocks for NIR metamaterial filters. ITO grating arrays can tailor their optical response by engineering their impedance either through their cross-sectional geometry or by adding materials.
In addition to ITO and ZnO, there are other types of metal oxides with unique properties which cannot be obtained in doped ZnO and ITO. Vanadium oxide (VO 2 ) can exhibit metallic properties in NIR range [172] and exhibits a metal to semiconductor transition at temperatures smaller than 100˚C. Consequently, it can be useful in switching and dynamic applications, providing a strong change in the optical properties. Thermally switchable VO 2 metamaterials have been demonstrated by using solution-based colloidal nanocrystals (NCs) [173] . This study reported that VO 2 NCs can be patterned with nanoimprinting technique. Tungsten doping can provide the tunability of phase transition behaviors with temperature.
B. Transition Metal Nitrides
Another class of promising alternative materials are transition metal nitride such as titanium nitride, zirconium nitride, tantalum nitride and hafnium nitride [159] . A key feature of these materials is that the carrier concentration can be varied by adjusting the stoichiometry or deposition conditions of the films [24] . These ceramic materials exhibit metallic properties in the visible and longer wavelengths and can be tuned by modifying the deposition conditions. However, one of the most attractive advantages of these materials compared to noble metals is that they are refractory, meaning they are thermally stable at temperatures above 2000˚C [22] , [23] . The low melting point and softness of traditional plasmonic metals causes problems under harsh operational conditions. Therefore, transition metal nitrides can provide the solution to realize nanophotonic devices which are required to be operated at high temperatures. The optical properties of titanium nitride (TiN) and zirconium nitride (ZrN) have a zero crossover wavelength in the visible range, very similar to Au, making them plasmonic in the visible and near-infrared range.
Electron-energy-loss-spectroscopy (EELS) measurements on metal nitride provides information on the plasmonic properties of these materials [174] , [175] . Most of these materials exhibit metallic properties with a large plasma frequency when metal-rich, while nitrogen-rich films show dielectric properties with large interband losses. The plasmonic properties of metal nitrides have been experimentally demonstrated with SPP excitation on TiN films. The comparative study on the near field distribution of TiN and Au spherical particles provides an understanding of the merit of TiN resonant nanostructure [176] . The local field enhancement of TiN particles is spectrally located in the important region widely known as a biological transparency window (650 È 950 nm). Lithographically fabricated TiN nanoparticle array has been studied to demonstrate that TiN can provide better heating efficiencies in the biological transparency window when compared to Au nanoparticles with identical geometries [177] .
Recently, a TiN based metasurface has been shown to achieve broad absorption in the visible and near infrared regions with a design consisting of patterned rectangular rings which lead to an impedance match and reduced reflection [178] . In this work, the strength of TiN nanostructures has been further tested and compared to Au when illuminated with a pulsed laser for 5 s at 550 nm where both absorbers have high absorbance. After laser illumination, TiN nanostructures can stand against high-intensity pulses where Au nanostructures fail. Beyond absorbers, the refractory properties of TiN may enable high efficiency thermal emitters. Thermal emission from metamaterials with a TiN 1D grating have been studied operating temperatures of 540˚C with the mid-infrared radiation centered around 3 m. This work demonstrates experimentally that the thermal excitation of plasmon polaritons on the surface of the grating produce a well-collimated beam with a spatial coherence length of 32 (angular divergence of 1.8˚), which is quasi-monochromatic, and a full-width at halfmaximum of 70 nm [179] .
C. Other Materials
Several additional material classes have been experimentally demonstrated as potential alternatives to noble metals. Doped semiconductors have been examined as plasmonic components in mid-infrared range. N-type doped indium arsenide (InAs) nanoantenna arrays are fabricated using nanosphere lithography, allowing for cost-effective and large-area fabrication of nanoscale structures [180] . Antenna arrays provide strong absorption in the mid-infrared ð8 $ 10 mÞ, offering bio-sensing with infrared absorption spectroscopy. Indium arsenide antimonide (InAsSb) has been studied as an ENZ medium in the MIR (8 m). ENZ-enhanced transmission through subwavelength optical features has been demonstrated [155] . The nonoslits embedded InAsSb inside the gap provides a drastic enhancement for TM-polarized light coupling into the slit structure at or near the ENZ wavelength of InAsSb.
In conclusion, the recent demonstrations of metasurfaces with alternative plasmonic materials have been discussed. The advantages of the various materials are currently bringing significant advances to devices across numerous spectral windows. Although there are many suitable alternative plasmonic materials, this review focused on the new classes of plasmonic materials which are experimentally demonstrated as metallic components in the practical design of metasurfaces. A more general overview of alternative plasmonic materials is provided in the recent review by Naik et al. [22] and references therein.
VI. ACTIVE METASURFACES
With the vast potential of metasurfaces largely demonstrated through the linear and nonlinear devices achieved thus far, and with the strong potential provided with the new plasmonic materials to obtain tunable optical properties, there has been a movement towards the development of active, or dynamic metasurfaces. Dynamic metasurfaces are able to provide additional functionality to a device, allowing for beam steering, dynamic focusing, resonance shifts, or signal modulation, for example. Currently, there are several methods used to achieve the temporal control over the metasurface such as electrical biasing, optical pumping, chemical/structural modification, physical movement, and others. In addition to the "prototypical" dynamic applications, temporal control over the optical properties also enables the potential for new physical effects [181] , [182] . Here, we will briefly review the recent progress in the area of active metasurfaces.
A. Electrical Control
One of the key features of plasmonic structures is that they are extremely sensitive to their surrounding environments. Thus, small changes in the optical properties of even a thin layer can produce a measurable shift in the plasmonic response. This extreme sensitivity is what makes dynamic metasurfaces with electrical control possible, although bulk effects through the electro-optic effect or strong anisotropy are also possible (this will be summarized in Section VI-E). By placing a metasurface near the interface of a capacitor (see Fig. 6 ), applied electrical signals result in an accumulation or depletion layer (shown in red) which modifies the optical properties of a thin layer. In addition, this method is easily combined with standard integrated electronics to enable dynamic metasurface control on-chip. Among others, electrical control has been utilized to demonstrate controllable diffraction patterns [183] in the near infrared, as well as beam steering [184] , controllable radiation [185] , and tunable perfect absorbers [60] in the mid infrared.
In the near infrared spectral range, the transparent conducting oxides are a promising material platform for the active medium, due to their high carrier concentration and permittivity crossover in the range of 1-2 m enabling epsilon-near-zero effects [24] , [186] , [187] . In their recent work, Huang et al. demonstrated control of a diffractive metasurface fabricated on top of an alumina/ITO/Au back plane (similar to geometry shown in Fig. 6 ) with up to È40˚tuning in the output angle for a change in the carrier concentration of È20Â [183] . They also demonstrated the ability to achieve a full 2 range of phase shifts as a function of the modulated carrier density.
In the mid-infrared spectral range, graphene is a promising material. In the recent work by Yao et al. control of a perfect absorber in the technologically important 5-8 m spectral range was demonstrated with the capability to modulate a signal by 100% for speeds up to 20 GHz [60] . In this design, the graphene was an active layer for traditional metallic nanostructures. However, additional designs by Li et al. and Cheng et al. have numerically studied the effects of directly biasing graphene nanoantennas which achieve dynamic control by modifying the Fermi energy of the graphene structures [184] , [188] . Angular tunability, generation of complex beam structures (i.e., Airy beams), and anomalous reflection control have been studied.
B. Optical Control
Another promising method to control metasurfaces is through optical excitation. Currently, there are several techniques being used to control the properties of metasurfaces which include free-carrier generation [28] , [189] - [194] , nonlinearities, and coherent control [195] - [197] . In general, these methods are beneficial as they enable ultrafast operating speeds which can exceed 1 THz. In addition, many optical processes are capable of affecting large volumes of a dynamic material which can result in enhanced effects when compared to the thin layers used for electrical control.
Free-carrier generation modifies the carrier density of an active material for a short time, until the excess charges recombine. In the work by Abb et al., they demonstrate the capability to optically control individual nanoantennas using a 532-nm optical pump on an ITO substrate. The 532-nm pump light excites hot electrons which tunnel into the ITO layer and modify the permittivity on a time scale of hundreds of picoseconds [189] . In later work, the authors describe additional effects which occur due to a hybrid coupling of the antenna and ITO, inducing strong Kerr-type nonlinearities [190] .
Nonlinear effects are also potential candidates for achieving all-optical control over metasurfaces which may be promising due to the large nonlinear coefficients of metal films [89] , [198] . Generally, such effects are achieved using third-order nonlinearities in the material, i.e., the nonlinear refractive index and/or absorption. This can either be achieved by modifying the metasurface itself, or by modifying a surrounding layer. However, this approach has largely not been successful due to the strong absorption of the metallic components, causing deformation/damage to the structures [199] . Recent work studying the nonlinearities in alternative plasmonic refractory metal films may provide a solution to this limitation as they possess nonlinearities of a similar magnitude to traditional metals while withstanding an order of magnitude more optical intensity [200] .
Coherent control of metasurfaces is achieved through the interference of both a signal and control beam. This is a unique approach in that, unlike the previous two approaches, can be scaled to very low excitation energies [195] . It relies on the fact that the metasurface is much thinner than the wavelength of light such that a metasurface could be placed either in an interference maximum (the metasurface affects the light) or minimum (metasurface has no effect); see Fig. 7 . The effect can be switched on or off by adjusting the relative phase between the two optical beams (as shown in Fig. 7) , by modulating the intensity of the control beam, or by physically moving the metasurface. In the pioneering work by Zhang et al., the concept was theoretically studied and experimentally shown to produce nearly perfect absorption with no Joule losses in the transmitting case [195] . More recently, this effect has been expanded by Papaioannou et al. who experimentally demonstrated controllable modal multiplexing with speeds expected to well exceed 10 THz [197] . Fig. 6 . Schematic of a general scheme to electrically control a metasurface. This design utilizes a gap-plasmonic metasurface, thereby providing two electrodes (e.g., the antenna and the back reflector). An active material is then inserted between the two electrodes along with an electrical insulator. Under an applied electric field, an accumulation/depletion layer is formed underneath the antenna resulting in a shift in the optical properties of the antenna.
C. Chemical/Structural Control
Modification of the constituent materials' chemical or structural makeup is a profound way to achieve dynamic control over the optical properties of a metasurface. Most generally, control is achieved through two methods: by applying heat to the material of choice which results in a change of the material's phase (i.e., structural change) or when flowing gasses which changes the stoichiometry of the compound (i.e., chemical change). The resulting control can be extremely broadband and stable, enabling data storage, but can be quite slow and energy intensive.
Chemical control has been demonstrated with many compounds such as oxides [201] , [202] and hydrides [203] . Specifically for plasmonic applications, the oxides such as doped ZnO, and the transition metal hydrides are promising. Recently, Strohfeldt et al. demonstrated the potential for completely reversible control of yttrium hydride nanoantennas, enabling a switch from the dielectric YH 3 to the plasmonic YH 2 [203] . The transition was completed at room temperature which resulted in a shift in the nanoantenna's resonance, useful for detecting trace amounts of hydrogen.
Phase change materials are another promising direction for high-contrast dynamic metasurfaces. Although chemical based devices generally are slow, phase change devices can potentially be fast [204] . Recently, the work of Goldflam et al. demonstrated electrically switched VO 2 metasurfaces in the THz range, modulation the transmission of split ring resonators by up to È50% [205] . Additionally, the work by Sámson et al. employs an electrically driven structural transition between an amorphous phase and a crystalline phase in chalcogenide glass to provide a 150-nm shift in a resonant absorption peak. The device, composed of a Babinet inverted metasurface with a gallium lanthanum sulphide layer on silicon nitride was able to achieve more than 400% change in transmission at È1200 nm [206] .
D. Physical Control
Many of the properties of a metasurface are directly dependent upon the interactions between nanoantennas. By dynamically modifying the physical distances of the structure, various dynamic effects can be achieved. Flexible [207] and stretchable [208] metasurfaces have seen application in this area where an applied force alters the interspacing distances between antennas. Additional methods of control include piezoelectric [209] , [210] , thermo-electric [211] , and electrostatic [212] devices where the forces move antennas relative to each other. In addition, nanoscale kirigami [213] has also been suggested to enhance the effects of flexible metasurfaces or provide tunability to less flexible substrates.
Metasurfaces on flexible substrates offer one of the most straightforward methods to attain dynamic control of a metamaterial response [207] . However, there is also interest in developing metasurfaces which maintain their response under stress. In the work by Di Falco et al. they demonstrated a broadband, angle, and polarization insensitive metasurface filter in the visible spectrum which maintains its response under a curvature of 10-per micrometer.
Incorporating methods from MEMS/NEMS, e.g., piezo/thermo-electric control, is yet another method to attain physical control over a metasurface. In the work by Ou et al. they demonstrated control of the linear antenna arrays using bimetallic conducting bridges and thermal deformation [211] . Modifications up to 50% in the transmission of the metasurface were achieved for various resonant peaks in the near infrared.
Kirigami is an ancient art form, but has recently been suggested as a means to enable dynamic metasurfaces. By slicing small slits at specific locations in a thin layer of a material/metasurface, the flexibility of the structure can be drastically increased also enabling out-of-plane rotations [213] . By properly designing the cuts, complex structures can be created out of metals, dielectrics, or composites.
E. Additional Methods of Control
In addition to the methods described above, there have been several demonstrations of dynamic metasurfaces using varying techniques. One of the most popular is the use of liquid crystals [214] - [216] . In the work by Sautter et al. active tuning to silicon dielectric metasurfaces was obtained enabling a shift in the nearly 100% transmission by 40 nm in the near infrared [216] . Similarly, in the work by Buchnev et al., a metasurface is used to replace the polarizer, transparent electrode, and molecular alignment layer of the standard liquid crystal cell and hysteresis free transmission control of up to 50% is obtained [214] . When both signals are in phase, i.e., d' ¼ 0, the metasurface (shown in yellow) is placed at an interference minimum (i.e., blue interference curve). By creating a phase difference between the signal and control beams or by modifying the amplitude of the control signal, the interference can be modified such that a large intensity is present at the location of the metasurface (i.e., red interference curve).
Joining the fields of microfluidics and metamaterials, another method of dynamic control of metasurfaces was demonstrated by Yan et al. where they utilized fluid flow of a metallic liquid in designated channels to form and control antennas. In the RF spectral range, full 2 phase control was numerically predicted to enable dynamic beam steering [217] . Similarly, the work by Zhu et al. experimentally demonstrate tunable focusing over 5-7 by controlling the metallic liquid fluid flow into split ring antennas [218] .
F. Nonreciprocal Time-Gradient Metasurfaces
The impact of reconfigurable metasurfaces exceeds implementing tunable optical devices. It has been recently demonstrated that the field of flat photonics is further empowered by utilizing time-gradient metasurfaces with a dynamic response to propagating light. A new genus of optical devices and physical effects can be realized provided one can overcome some fundamental limitations of metasurfaces which utilize space-gradient alone [181] , [182] .
With the inception of metasurfaces with a spacegradient phase discontinuity [18] , Snell's law has been generalized to include a discontinuity in the tangential momentum of propagating photons. This enabled engineering angles of reflection and refraction at will with flat, ultrathin metasurfaces. Shaltout et al. [181] have shown that by introducing a dynamic (i.e., temporal) change to the phase discontinuity, the photon energy conservation constraint is eradicated, and Snell's law can be modified to an even more universal form not limited by Lorentz reciprocity, hence, meeting all of the requirements for building magnetic-free optical isolators. Furthermore, light experiences an inelastic interaction with the time-gradient metasurface, which modifies the photonic energy eigenstates and results in a Doppler-like wavelength shift. Fig. 8 describes nonreciprocal Snell's relation of light interacting with a time-gradient metasurface with respect to space-gradient metasurface.
Another study by Hadad et al. [182] demonstrated a non-reciprocal electromagnetic induced transparency (EIT) effect. A space-gradient metasurface was designed to obtain a narrow EIT transparency window within an opaque bandwidth. Then, it is shown that nonreciprocity occurs by utilizing space-time gradient metasurfaces causing the center frequency of the EIT window to change with different incident directions. This technique can be implemented to build ultrathin optical isolators.
Consequently, metasurfaces with both space and time gradients can have a strong impact on a plethora of photonic applications and provide versatile control over the physical properties of light.
VII. CONCLUSION
Novel concepts for optical metasurfaces and the development of new plasmonic materials compose two complementary approaches to develop next generation of practical metasurfaces devices.
Optical metasurfaces are quite simple to fabricate and are suitable for on-chip applications. They have successfully demonstrated a strong ability to implement linear and non-linear optical devices and show strong promise for tunable and multiphysical devices.
On the other hand, new alternative plasmonic materials have been developed which can be fabricated using CMOS-compatible processes such as transparent conducting oxides and transition metal nitrides. Transition metal nitrides can enable devices that meet applicationspecific challenges associated with high power signals, local heating, and materials diffusion. TCOs hold great potential in enabling ultrafast free carrier modulation providing tunable optical properties and providing a strong avenue to build active metasurfaces.
While noble metals are still being used in metasurfaces because they provide a higher quality plasmonic resonance in visible and near-infrared domains, recent results have shown that nitrides have the potential to replace them and provide similar optical quality factors. This possibility is worth being explored in order to integrate the advantages of both optical metasurfaces and new plasmonic materials. h 
